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TWO-DIMENSIONAL MAGNETIC
RECORDING READER OFFSET
ESTIMATION

CROSS-REFERENCE TO RELATED
APPLICATION(S)

[0001] This application claims priority to U.S. Provisional
Application No. 61/921,271, filed Dec. 27, 2013, which is
incorporated by reference herein in its entirety.

TECHNICAL FIELD

[0002] The present invention relates generally to electrical
and electronic circuitry, and more particularly relates to mag-
netic recording.

BACKGROUND

[0003] Two-dimensional magnetic recording (TDMR) is a
recording architecture intended to support storage densities
beyond those of conventional recording systems. TDMR
reads from one or more adjacent tracks to decode the signal
from a target track. The gains achieved from TDMR come
primarily from joint processing of multiple readback signals
using powerful coding and signal processing algorithms
which allow data bits to be stored more densely on a magnetic
storage medium (e.g., disk). In a traditional disk architecture
with a single read head, collection of multiple readback sig-
nals to facilitate the joint processing would require additional
disk rotations. To circumvent this problem, TDMR disk
drives may use multiple readers assembled on the same sup-
port arm, typically referred to as a slider, thus restoring tra-
ditional read service times.

[0004] Densely packed disks utilize narrower tracks. To
achieve narrower tracks, one may use shingled writing, where
each sweep of the write head overlaps a certain percentage of
the previous track. Shingled writing may be used without
two-dimensional readback at lower densities. However, as the
shingling gets more aggressive, one-dimensional codes and
detectors will eventually no longer be able to handle inter-
track interference (ITI) coming from adjoining tracks. In
one-dimensional channels, ITI leads to a performance loss.
With two-dimensional channels, ITT assists in making a data
decoding decision (i.e., logical assignment) for a given bit.
[0005] One disadvantage of using a multi-reader approach
is that there is an inherent offset (i.e., delay) between read
signals obtained from the respective readers due, at least in
part, to the physical distance—down-track and/or cross-
track—separating the readers. The physical distance between
readers causes the offset between read signals, which needs to
be compensated for efficient TDMR signal processing.
Although manufacturers may provide the physical distances
between the multiple readers, actual offset between read sig-
nals obtained from the respective readers can vary based on
many factors, including, but not limited to, temperature, fly-
height variation, read head misalignment, physical damage,
physical vibration, skew angle, etc. Because of these various
factors, estimating the actual offset between readers can be
challenging.

SUMMARY

[0006] Inaccordance with an embodiment of the invention,
a method for enhancing read performance in a multi-reader
TDMR system including first and second readers includes:
receiving first and second analog read signals from the first
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and second readers, respectively; sampling the first and sec-
ond analog read signals to generate first and second sampled
signals, respectively, each of the first and second sampled
signals comprising an integer component, indicative of a
value of a corresponding one of the first and second analog
read signals, respectively, at an integer multiple of a corre-
sponding sampling period associated therewith, and/or a frac-
tional component, indicative of a value of the corresponding
one ofthe first and second analog read signals, respectively, at
an arbitrary point in time between integer multiples of the
corresponding sampling period; and combining the integer
and/or fractional components of the respective first and sec-
ond sampled signals to thereby generate a reader offset esti-
mation signal. Other embodiments of the invention include
but are not limited to being manifest as a TDMR reader offset
estimation apparatus, either by itself or fabricated as part of
an integrated circuit which may include other circuits and/or
components, and an electronic system. Additional and/or
other embodiments of the invention are described in the fol-
lowing written description, including the claims, which is to
be read in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The following drawings are presented by way of
example only and without limitation, wherein like reference
numerals (when used) indicate corresponding elements
throughout the several views, and wherein:

[0008] FIGS. 1A and 1B are side views of at least a portion
of an illustrative multi-reader TDMR system conceptually
depicting an effect of read head clearance (i.e., fly-height)
variation on offset estimation;

[0009] FIGS. 2A through 2C are top plan views of at leasta
portion of an illustrative multi-reader TDMR system concep-
tually depicting an effect of unparalleled readers on offset
estimation;

[0010] FIGS. 3A through 3C are top plan views of at leasta
portion of an illustrative multi-reader TDMR system concep-
tually depicting an effect of a combination of wide and narrow
readers on offset estimation;

[0011] FIGS. 4A through 4C are top plan views depicting at
least a portion of an exemplary multi-reader TDMR system
conceptually illustrating reader track configurations for three
exemplary scenarios, comprising three different skew angles
and readers with a prescribed cross-track separation between
them at zero skew, according to embodiments of the inven-
tion;

[0012] FIG. 5 is a block diagram depicting at least a portion
of an exemplary system including a parallel implementation
of'a correlation and fractional delay filtering methodology for
increasing reader offset estimation accuracy, according to an
embodiment of the invention;

[0013] FIG. 6 is a block diagram depicting at least a portion
of'an exemplary system including a sequential implementa-
tion of the correlation and fractional delay filtering method-
ology for increasing reader offset estimation accuracy,
according to an embodiment of the invention;

[0014] FIG. 7 is a block diagram depicting at least a portion
of an exemplary system including a half-delay fractional
delay filtering implementation and signal combining meth-
odology for increasing reader offset estimation accuracy,
according to an embodiment of the invention;

[0015] FIG. 8 is a block diagram depicting at least a portion
of'a magnetic disk drive storage system in which one or more
embodiments of the invention are employed;
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[0016] FIG.9isablock diagram depicting at least a portion
of an exemplary read channel in which one or more embodi-
ments of the invention are employed that is suitable for use in
a TDMR system, according to an embodiment of the inven-
tion; and

[0017] FIG. 10 depicts a computer system that may be
useful in implementing one or more embodiments and/or
elements of the invention.

[0018] It is to be appreciated that the drawings described
herein are presented for illustrative purposes only. Moreover,
common but well-understood elements and/or features that
may be useful or necessary in a commercially feasible
embodiment may not be shown in order to facilitate a less
hindered view of the illustrated embodiments.

DETAILED DESCRIPTION

[0019] Embodiments of the invention will be described
herein in the context of illustrative TDMR systems for use, for
example, in a data storage application. It should be under-
stood, however, that embodiments of the invention are not
limited to these or any other particular TDMR arrangements.
Rather, embodiments of the invention are more broadly appli-
cable to techniques for improving read performance of a
magnetic storage device. In this regard, embodiments of the
invention provide an apparatus and/or methodology for ben-
eficially improving an estimation of offset between respective
read signals obtained from multiple readers in a multi-reader
TDMR environment. Moreover, it will become apparent to
those skilled in the art given the teachings herein that numer-
ous modifications can be made to the illustrative embodi-
ments shown that are within the scope of the claimed inven-
tion. That is, no limitations with respect to the embodiments
shown and described herein are intended or should be
inferred.

[0020] As a preliminary matter, for purposes of clarifying
and describing embodiments of the invention, the following
table provides a summary of certain acronyms and their cor-
responding definitions, as the terms are used herein:

Table of Acronym Definitions

Acronym Definition
TDMR Two-dimensional magnetic recording
ITI Inter-track interference
HDD Hard disk drive
TFC Thermal fly-height control
TMR Track mis-registration
FIR Finite impulse response
IIR Infinite impulse response
ADC Analog-to-digital converter
FDF Fractional delay filter (or filtering)
VCM Voice coil motor
CPU Central processing unit
SSD Solid-state drive
RAM Random access memory
AFE Analog front end
ROM Read-only memory
[0021] As previously stated, one disadvantage of using a

multi-reader approach is that there is an inherent offset (i.e.,
delay) between respective signals obtained from the readers
due, at least in part, to a physical down-track (i.e., in a direc-
tion parallel to the tracks on the magnetic storage medium)
distance separating the readers. Although manufacturers may
provide the physical distances between the multiple readers,
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actual offset between the respective signals obtained from
readers, referred to herein as “reader offset,” can vary based
onseveral factors. Such factors which may affect reader offset
include, but are not limited to, environmental factors, such as,
for example, temperature and mechanical vibration, as well
as manufacturing factors, such as, for example, skew between
the slider and the disk surface, and alignment of the readers
relative to one another and/or to the slider, among other fac-
tors.

[0022] For example, some hard disk drives (HDDs) utilize
a read head which incorporates a heater element therein,
referred to as thermal fly-height control (TFC), to control
fly-height. This temperature variation can physically cause
the reader offset to change. Fly-height variation, which may
be attributable to manufacturing variations in the disk surface
(e.g., warped disk), can similarly affect reader offset. Physical
damage, such as, for example, head touchdown, can cause a
change in shape of one or more readers which can also affect
reader offset. Differences in the respective sizes of the readers
relative to one another (e.g., narrow and wide reader combi-
nation), misalignment between the readers (e.g., unparalleled
readers), or misalignment between the readers and the slider
arm, can affect reader offset. Furthermore, reader offsets are
not necessarily constant. For instance, reader offset can be
pre-computed for each zone of a disk, which varies for inner
tracks compared to outer tracks of a given zone, or for each
track, which can still vary due to non-zero track mis-registra-
tion (TMR). Consequently, accurately estimating reader off-
set can be quite challenging. Embodiments of the invention,
therefore, advantageously estimate actual reader offset based
on readback signal processing in real-time, to thereby
improve read performance in a multi-reader TDMR system.

[0023] FIGS. 1A and 1B are side views of at least a portion
of an illustrative multi-reader TDMR system 100 conceptu-
ally depicting an effect of read head fly-height variation on
reader offset estimation. With reference to FIG. 1A, the sys-
tem 100 includes a first reader 102 and a second reader 104
mounted on a slider 106. The first and second readers 102 and
104, respectively, are laterally separated from one another on
the slider 106 by a first distance d,. It is to be appreciated that
although only two readers 102, 104 are shown, embodiments
of the invention are not limited to the number of readers.
Moreover, embodiments of the invention are not limited to
any specific distances separating the respective readers. Since
the slider 106, in this embodiment, is disposed parallel to an
upper surface 108 of a magnetic disk to be read, an angle
between the slider and the disk surface will be zero. Accord-
ingly, the actual reader offset will be substantially equal to an
estimated reader offset based on the distance d, between the
readers 102, 104.

[0024] As shown in FIG. 1B, physical vibration, as well as
other factors, can cause the slider 106 to be tilted relative to
the disk surface 108. As apparent from FIG. 1B, an angle
between the slider 106 and the disk surface 108 is equal to a
first angle 6, although embodiments of the invention are not
limited to any specific value for angle 6. This angle 8, will
result in a difference between the actual reader offset and the
estimated reader offset based on the distance between the
readers. More particularly, the actual reader offset will be
based on a second distance, d,, which can be determined as a
function of the physical distance d, between the readers 102
and 104 on the slider 106 (e.g., d,=d,-cos 6,). Thus, for
example, the actual reader offset will be approximately
d,Bcos 0, times the estimated reader offset shown in FIG. 1A.
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[0025] FIGS. 2A through 2C are top plan views of at least a
portion of an illustrative multi-reader TDMR system 200
conceptually depicting an effect of unparalleled readers on
reader offset estimation. With reference to FIG. 2A, the sys-
tem 200 includes a first reader 202 and a second reader 204
mounted on a slider 206. The first and second readers 202,
204 are positioned above a target track 208 to be read and first
and second tracks, 210 and 212, respectively, adjacent to the
target track on a magnetic disk. The first and second readers
202 and 204, respectively, are laterally separated from one
another on the slider 206 by a distance d;. It is to be appreci-
ated that although only two readers 202 and 204 are shown,
embodiments of the invention are not limited to any specific
number of readers; for example, three or more reads may be
used, according to embodiments of the invention. Moreover,
embodiments of the invention are not limited to any specific
distances separating the respective readers.

[0026] In the illustrative scenarios shown in FIGS. 2A
through 2C, the readers 202 and 204 are not parallel relative
to one another. Rather, the first reader 202 is tilted at an angle
of -5 degrees from an imaginary line perpendicular to the
tracks 208, 210, 212. Likewise, the second reader 204 is tilted
atan angle of 5 degrees from the imaginary line perpendicular
to the tracks 208, 210, 212. It is to be understood that embodi-
ments of the invention are not limited to any specific respec-
tive tilt angles of the first and second readers 202, 204. Since
the readers 202, 204 are not tilted in the same direction, they
are not parallel to one another. Consequently, although the tilt
angle between the slider 206 and the tracks 208, 210, 212 is
zero in FIG. 2A, the actual reader offset will not necessarily
be based merely on the physical distance d; between the
readers 202, 204, but rather will also be a function of the angle
between the readers.

[0027] Forthe scenario shown in FIG. 2B, in addition to the
readers 202 and 204 not being parallel relative to one another,
the slider 206 is positioned at an angle of 16 degrees relative
to the orientation of the target track 208. This angle will result
in a difference between the actual reader offset and the esti-
mated reader offset based on the distance d; between the
readers 202, 204. More particularly, the actual reader offset
will be based on a distance, d,,, which can be determined as a
function of the physical distance d; between the readers 202
and 204 on the slider 206, the angle (16 degrees, in this
embodiment) between the slider and the target track 208
orientation, and the angle between the readers.

[0028] Likewise, in the scenario shown in FIG. 2C, in addi-
tion to the readers 202 and 204 being tilted relative to one
another, the slider 206 is positioned at an angle of —16 degrees
relative to the orientation of the target track 208. Hence, the
actual reader offset will be determined as a function of the
physical distance d; between the readers 202 and 204 on the
slider 206, the angle (-16 degrees, in this embodiment)
between the slider and the target track 208 orientation, and the
angle between the readers.

[0029] FIGS. 3A through 3C are top plan views of at least a
portion of an illustrative multi-reader TDMR system 300
conceptually depicting an effect of a combination of wide and
narrow readers on reader offset estimation. With reference to
FIG. 3A, the system 300 includes a first reader 302 and a
second reader 304 mounted on a slider 306. The first and
second readers 302, 304 are positioned above a target track
308 to be read and first and second tracks, 310 and 312,
respectively, adjacent to the target track on a magnetic disk.
The first and second readers 302 and 304, respectively, are
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laterally separated from one another on the slider 306 by a
distance ds. It is to be appreciated that although only two
readers 302 and 304 are shown, embodiments ofthe invention
are not limited to any specific number of readers. Moreover,
embodiments of the invention are not limited to any specific
distances separating the respective readers.

[0030] In the illustrative scenarios shown in FIGS. 3A
through 3C, the readers 302 and 304 are not equally sized.
Rather, the first reader 302 has a width, as measured in a
direction perpendicular to a center line of the slider 308,
which is less than a width of the second reader 304. It is to be
understood that embodiments of the invention are not limited
to any specific respective dimensions of the first and second
readers 302, 304. Consequently, although a skew between the
slider 306 and the tracks 308, 310, 312 is zero in FIG. 3A, the
actual reader offset will not necessarily be based merely on
the physical distance d5 between the readers 302, 304, but
rather will also be a function of a difference in widths of the
respective readers.

[0031] For the scenario shown in FIG. 3B, in addition to the
difference in respective widths of the readers 302 and 304, the
slider 306 is skewed at an angle, 0,, of 16 degrees relative to
the orientation of the target track 308. This skew will result in
a difference between the actual reader offset and the esti-
mated reader offset based on the distance ds between the
readers 302, 304. More particularly, the actual reader offset
will be based on a distance, d, which can be determined as a
function of the physical distance d, between the readers 302
and 304 on the slider 306, the skew angle 6, (16 degrees, in
this embodiment) between the slider and the target track 308
orientation, and the difference in widths of the readers.
[0032] Likewise, in the scenario shown in FIG. 3C, in addi-
tion to the difference between the widths of the respective
readers 302 and 304, the slider 306 is skewed at an angle 6, of
-16 degrees relative to the orientation of the target track 308.
Hence, the actual reader offset will be determined as a func-
tion of the physical distance d5 between the readers 302 and
304 on the slider 306, the skew angle 0, (16 degrees, in this
embodiment) between the slider and the target track 308
orientation, and the difference in widths of the readers.
[0033] FIGS. 4A through 4C are top plan views depicting at
least a portion of an exemplary multi-reader TDMR system
400 conceptually illustrating reader track configurations for
three exemplary scenarios, according to embodiments of the
invention. With reference to FIG. 4A, the system 400 includes
afirstreader 402 and a second reader 404 mounted on a slider
406. The first and second readers 402, 404 are suspended
above a recording medium (e.g., magnetic disk) by a head arm
(not explicitly shown, but implied) attached to the slider 406.
The first and second readers 402 and 404, respectively, are
positioned above a target track 408 to be read, and first and
second tracks, 410 and 412, respectively, adjacent to the
target track on the magnetic disk. The readers 402, 404 are
laterally separated from one another on the slider 406 by a
distance d,; the distance d, defines the down-track distance
between the two readers 402, 404 at zero skew. It is to be
appreciated that although only two readers 402 and 404 are
shown, embodiments of the invention are not limited to any
specific number of readers. Moreover, embodiments of the
invention are not limited to any specific distances separating
the respective readers.

[0034] By way of example only and without limitation,
FIGS. 4A through 4C depict three different skew scenarios of
the multi-reader TDMR system 400. Specifically, FIG. 4A
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depicts a first illustrative scenario in which the slider 406 is
skewed relative to an orientation of the target track 408 by an
angle, 0,, of 16 degrees, FIG. 4B depicts a second illustrative
scenario in which the slider is skewed relative to an orienta-
tion of the target track by an angle 8, of zero degrees (i.e., zero
skew), and FIG. 4C depicts a third illustrative scenario in
which the slider is skewed relative to an orientation of the
target track by an angle 6, of —16 degrees, although embodi-
ments of the invention are not limited to any specific skew. A
non-zero skew will result in a difference between the actual
reader offset and the estimated reader offset based on the
physical distance between the readers, which takes into
account the down-track distance d., and a cross-track separa-
tion, d,, between the readers, both distances based on a center
of the readers. With reference to FIG. 4B, d, represents the
cross-track separation between the readers 402, 404 at zero
skew.

[0035] More particularly, for the zero-skew scenario shown
in FIG. 4B, the actual reader offset will be approximately the
same as the estimated reader offset based on the manufac-
turer-provided distance between readers 402, 404. With ref-
erence to FIGS. 4A and 4C, the actual reader offset will be
based ona distance, dq, which can be determined as a function
of the physical distance d, between the readers 402 and 404
on the slider 406, the skew angle between the slider and the
target track, and the cross-track separation: dg=d, cos 0,+d,
sin 0,, where 0, is indicative of skew angle. Hence, distance
dg represents down-track distance between the readers 402,
404 at skew. Since the skew angle 0, is an acute angle (e.g.,
typically about —-16 degrees to 20 degrees, although not lim-
ited to such range), the actual reader offset for a non-zero
skew angle case will be larger than the distance between the
readers. In TDMR signal processing, since the actual reader
offset (i.e., delay) is required for proper data alignment,
embodiments of the invention beneficially achieve enhanced
reader offset estimation using readback signal processing in
real-time to thereby improve read performance in a multi-
reader TDMR system.

[0036] In a multi-reader TDMR system, multiple readers
are used to read sectors on adjacent tracks on a magnetic disk.
However, as previously explained, because the readers are
physically separated in a down-track direction from one
another, a delay (i.e., offset) will exist between the signals
obtained from corresponding readers. For the two-reader con-
figuration shown in FIGS. 4A through 4C, readback signals,
r,(n) and r, (1), received from the first and second readers 402
and 404, respectively, are modeled using the following
expressions:

Vl(”):lllso(n)"'al,lsl(”)"‘51,252(”) 1

Vz(”):llzso(”—A)*'az,lSl (”—A)"'ﬁzgsz (n-A), 2

where 11, is a weighting coefficient indicative of a contribution
from the target track 408 in the readback signal from the first
reader (i.e., reader 1), o, , is a weighting coefficient indicative
of a contribution from the adjacent track 410 in the readback
signal from the first reader, and B, , is a gain coefficient
indicative of a contribution from the adjacent track 412 in the
readback signal from the first reader. Likewise, |1, is a weight-
ing coefficient indicative of a contribution from the target
track 408 in the readback signal from the second reader (i.e.,
reader 2), A is the delay offset between the two readers, o, ;
is a weighting coefficient indicative of a contribution from the
adjacent track 410 in the readback signal from the second
reader, and 3, , is a gain coefficient indicative of a contribu-
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tion from the adjacent track 412 in the readback signal from
the second reader. Correspondingly, sq(n), s,(n) and s,(n)
denote the readback signals from the data recorded on target
track 408, adjacent track 410 and adjacent track 412, respec-
tively. It is to be understood that the delay offset A between
the two readers need not be an integer multiple of a sampling
period, T. Data recorded in adjacent tracks are independent.
[0037] Inaccordance with one or more embodiments of the
invention, a methodology for increasing an accuracy of reader
offset estimation in a multi-reader TDMR system comprises
a two-step process; namely, correlation and fractional delay
filtering. As will be described in further detail below, corre-
lation essentially involves obtaining a rough estimation of the
reader offset (i.e., delay) having a resolution T, where T
denotes the sampling period (i.e., bit duration). Fractional
delay filtering involves refining the estimation result from the
correlation step.

[0038] By way of example only, for the exemplary two-
reader configuration shown in FIGS. 4A through 4C, corre-
lation between the readback signals r,(n) and r,(n), received
from the first and second readers 402 and 404, respectively,
can be expressed using the following notation:

) rm)=11(4oO)1, 3

<o

where represents a correlation of the first and second
readback signals r, (n) and r,(n), respectively, “A” represents
a correlation matrix, “C” represents a weighting coefficient
matrix, “1” represents an all-one column vector, “1” denotes
amatrix transpose, and “o” represents a Hadamard product of
matrices A and C. A Hadamard product, also known as a
Schur product or entrywise product, is a binary operation that
takes two matrices of the same dimensions and produces
another matrix where each element, ij, is a product of ele-
ments ij of the original two matrices. The correlation matrix A
and weighting coefficient matrix C in equation (3) above can
be expressed as:

so(m)xso(n—A) so(n)=si(m—4) so(n)+s2(n—4) (€]
A=|si(m)=son—A) si(m)y=s(n—A) si(nm)xso(n—A)

s2(m)xso(n—A) sp(n)xsi(n—A) sp(m)xsy(n—A)

Hite s Pa (&)
C=|ap a2 aifaz

Piata Preazs PiaPrr

Diagonal elements of the correlation matrix A are auto-cor-
relation functions, and off-diagonal elements of matrix A are
cross-correlation functions. An element of the weighting
coefficient matrix C determines the energy of a certain auto-
or cross-correlation pair in the final results.

[0039] The auto-correlations of the readback signals r,(n)
and r,(n) from the two readers are dominated by two compo-
nents: the correlation matrix A and the weighting coefficient
matrix C. The correlation matrix A is responsible for the
recorded data in target and adjacent tracks, and the weighting
coefficient matrix C is responsible for the gain, which is
determined at least in part by the relative geometries of the
readers and/or tracks.

[0040] Oft-diagonal (i.e., cross-correlation functions in the
correlation matrix A) are suppressed in the final results,
according to embodiments of the invention. One way to sup-
press off-diagonal contributions in the final results, according
to an embodiment of the invention, is to suppress the cross-
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correlation elements of the correlation matrix A (expression
(4) above). In the user data area, the recorded data is random
and mutually independent across different tracks. Conse-
quently, long readback signal length can guarantee better
reader offset estimation performance. Another way to sup-
press off-diagonal contributions in the final results, according
to an embodiment of the invention, is to suppress the off-
diagonal elements of the weighting coefficient matrix C by
controlling relative head-track geometry. The weighting
coefficients are dependent on the relative geometries of the
head and tracks. For example, if the first reader is very close
to track 0, the corresponding weighting coefficient would be
large. Gain control, as used herein, refers to changing the
relative location of reader and tracks to thereby change the
gain.

[0041] For the exemplary head-track configurations shown
in FIG. 4A, the following assumptions are made:
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Given the above assumptions, it can be shown that element
;1L in the weighting coefficient matrix C of expression (5)
above is substantially larger than the other elements in matrix
C. Accordingly, the contribution s,(n)*s,(n-A) in the corre-
lation matrix A dominates the final results. Using this
approximation, the correlation can achieve a good estimation
result with a reasonable length of readback signals. More
particularly, a performance ofthe correlation-based estimator
according to one or more embodiments of the invention is
dependent on an orthogonality of the two adjacent track read-
back signals. Even though the data recorded in adjacent tracks
are pseudo-random, the orthogonality can only be guaranteed
if the readback signals from the adjacent tracks are long
enough or of reasonable length.

[0042] For the exemplary head-track configuration shown
in FIG. 4B, which is a zero-skew case, the following assump-
tions are made:
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Given the above assumptions, elements w,f,;, B, ;B.,,
0 oMy, @) 5P, ), and @) ,a, , in the weighting coefficient
matrix C of expression (5) above will be nearly zero, and
elements [ L, 1, O 5, By 11y, and B, ;@ , are significant ele-
ments in matrix C. As used herein, a “significant” term means
that the value of that term is large and dominates the final
results. The matrix C has three off-diagonal elements corre-
sponding to cross-correlation of interferences. Accordingly,
long readback signals can be used to suppress these oft-
diagonal elements of matrix A. As previously explained, long
readback signals can guarantee the orthogonality of the adja-
cent tracks, and thus, as a close approximation, interference
terms can be removed from the final results.

[0043] A second step in a methodology for increasing the
accuracy of reader offset estimation in a multi-reader TDMR
system involves fractional delay filtering. As previously
stated, fractional delay filtering is used to refine the estima-
tion result from the correlation step. A resolution of the cor-
relation-based step is sampling period T. This resolution is
refined, in accordance with one or more embodiments of the
invention, through signal processing technology.

[0044] In fractional delay filtering, a phase input signal is
supplied to a fractional delay filter. For example, phase values
can be [-8, -7, -6, -5, -4, -3,-2,-1,0,1,2,3,4,5,6,7,
8]-T/16, where T denotes a sampling offset (i.e., bit duration),
as noted above, and zero phase indicates no delay. A frac-
tional delay filter is a type of digital filter designed for band-
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limited interpolation, which involves evaluating a signal
sample at an arbitrary point in time, which may be somewhere
between two sample points. Fractional delay filters can be
implemented, in one or more embodiments, using finite
impulse response (FIR) or infinite impulse response (IIR)
filters, although embodiments of the invention are not limited
to such implementations. The interpolated result generated by
the fractional delay filter is then used, according to one or
more embodiments of the invention, to refine the reader offset
(i.e., delay) estimation.

[0045] In one or more embodiments of a practical system
implementation, the fractional delay filter is placed priorto a
correlation estimator in a reader signal path. In digital signal
processing, a signal sampled with period T can only obtain
samples s(17T), s(2T), s(3T), and so on. This means that a
resolution of the resulting digital signal in the time domain is
T. However, in certain scenarios, sample values at arbitrary
points in time are desired, such as, for example, s(1.3T),
$(2.3T), etc., which are not otherwise available as an output
from the analog-to-digital converter (ADC). In this regard,
the fractional delay filter functions as an interpolator. Thus,
by way of example only and without limitation, assuming a
phase-correction amount is set as 0.37T, an output of the frac-
tional delay filter would be s(1.3), if the input signals are
s(1T) and s(2T). This process can be extended to obtain a
signal value at essentially any arbitrary point in time.

[0046] FIG.5 is a block diagram depicting at least a portion
of'an exemplary system 500 including a parallel implemen-
tation of the correlation and fractional delay filtering meth-
odology for increasing reader offset estimation accuracy,
according to an embodiment of the invention. System 500
includes multiple (k+1) interpolation filters (e.g., fractional
delay filter, polynomial-based filter, etc.), used to interpolate
new sample values at arbitrary points between existing dis-
crete-time samples, and multiple (k+1) correlators coupled
with the interpolation filters. Specifically, in this illustrative
embodiment, the system 500 includes a first fractional delay
filter (FDF 0) 502, a second fractional delay filter (FDF 1)
504, and a (k+1)-th fractional delay filter (FDF k) 506, where
k is an integer. The system 500 further includes a first corr-
elator 508, a second correlator 510 and a (k+1)-th correlator
512.

[0047] Each ofthe fractional delay filters 502, 504 and 506
is adapted to receive, at a first input, a corresponding value of
the phase to which the signal from reader 1 should be inter-
polated, Phase 0, Phase 1 and Phase k, respectively, and a
second input of each of the fractional delay filters is adapted
to receive a readback signal from a first reader (reader 1); the
readback signal from the first reader is a common input to all
of the fractional delay filters. Each of the fractional delay
filters 502, 504 and 506 is operative to generate a correspond-
ing interpolated signal as a function of the readback signal
from the first reader and a corresponding phase input.
[0048] Each of the interpolated signals generated by the
fractional delay filters 502, 504 and 506 are supplied to a first
input of a corresponding correlator 508, 510 and 512, respec-
tively, and a second input of each of the correlators is adapted
to receive a readback signal from a second reader (reader 2);
the readback signal from the second reader is a common input
to all of the correlators. From the output of each of the corr-
elators 508, 510 and 512, the location and value of the peak
value of the correlator output is collected and supplied to a
joint fusion center 514 where they are used in refining the
reader offset estimation result. The joint fusion center 514 is
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operative to select a signal path having the largest correlation
peak value among the plurality of phase input samples. [tis to
be understood that the fractional delay filters 502, 504, 506
are operative to determine a fractional delay portion of the
reader offset estimation. By adding the fractional delay por-
tion to the integer delay portion generated by the ADCs, the
joint fusion center 514 will determine a total delay for the
reader offset. For example, if the peak value corresponding to
the phase correction 0.3T is the largest, then the estimated
fractional delay would be 0.3T; this fractional delay is added
to the integer delay in enhancing an accuracy of the resulting
reader offset estimation. The joint fusion center 514, accord-
ing to embodiments of the invention, is implemented in hard-
ware, software, or acombination of hardware and software, as
will become apparent to those skilled in the art.

[0049] The parallel implementation of the correlation and
fractional delay filtering methodology for increasing reader
offset estimation accuracy shown in FIG. 5 is able to achieve
fast computation speed at the expense of increased hardware
complexity. Where speed is not as critical, however, reduced
hardware complexity can be achieved using a sequential
implementation of the correlation and fractional delay filter-
ing methodology, in accordance with one or more alternative
embodiments.

[0050] FIG. 6 is a block diagram depicting at least a portion
of an exemplary system 600 including a sequential imple-
mentation of the fractional delay filtering and correlation
methodology for increasing reader offset estimation accu-
racy, according to an embodiment of the invention. Compared
to the parallel implementation 500 shown in FIG. 5 which
includes a plurality of fractional delay filters and a plurality of
correlators, the sequential implementation 600 depicted in
FIG. 6 includes a single fractional delay filter 602 and a single
correlator 604, and thus system complexity is significantly
reduced while response time is increased. The fractional
delay filter 602 is adapted to receive sequential phase inputs
and a readback signal from a first reader (reader 1), and is
operative to generate an interpolated signal which is supplied
to the correlator 604. The correlator 604 is adapted to receive
the interpolated signal at a first input and a readback signal
from a second reader (reader 2) at a second input, and the
location and value of the peak value of the correlator output is
collected and passed to a buffer 606. Here, the output signal
generated by the correlator 604 is a correlation of the signal
r,(nT) from reader 2 with a different delay version of the
signal r; (nT+pT) from reader 1, where n is an integer and p is
a fraction.

[0051] In this embodiment, the interpolation and correla-
tion functions, performed by the fractional delay filter 602
and the correlator 604, respectively, within the dotted bound-
ary shown in FIG. 6, are executed iteratively for k times,
where k denotes the total number of sequential phase inputs
received by the fractional delay filter. Buffer 606, or an alter-
native storage means, is coupled with an output of the corr-
elator 604 and is operative to store the k pairs of peak loca-
tions and peak values iteratively generated by the correlator.
The buffer 606 is configured having a depth of at least k
storage locations; one storage location for each of the respec-
tive k pairs of outputs from the correlator. In this manner, the
buffer 606 functions essentially as a serial-to-parallel con-
verter. The outputs stored in the buffer 606 are supplied to a
joint fusion center 608, which utilizes these outputs for
increasing the accuracy of the reader offset estimation. In this
embodiment, the operation of the joint fusion center is con-
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sistent with the joint fusion center 514 shown in FIG. 5 and
described herein above. More particularly, the joint fusion
center 608, like the joint fusion center 514 in the embodiment
of FIG. 5, is operative to select a signal path having the largest
correlation peak value among the plurality of phase input
samples. It is to be appreciated that, although depicted as a
separate functional module, at least a portion of the buffer 606
may be implemented in the joint fusion center 608.

[0052] To compute the output of the fractional delay filter
602, values of the input signal between existing discrete-time
samples are fractionally delayed by a fractional input phase.
Special interpolation filters, as will be known by those skilled
in the art, are used in accordance with embodiments of the
invention to compute new sample values at arbitrary points in
time. Among those interpolation filters, polynomial-based
filters are particularly well-suited because a special structure,
namely, a Farrow structure, permits simple handling of coef-
ficients. Specifically, although not limited to any particular
implementation, in one or more embodiments, the fractional
delay filter 602 is implemented using a Farrow structure,
wherein all filter coefficients are fixed while the input phase is
adjusted to obtain prescribed interpolation results at different
fractional delays. An advantage of using a Farrow structure
over other realizations of the fractional delay filter 602 (e.g.,
direct-form FIR) resides in its tunability, which makes the
Farrow structure well-suited for practical hardware imple-
mentations. In many practical applications, the delay is time-
varying. Thus for each new delay, a new set of coefficients
would be required using, for example, a direct-form
approach; with a Farrow structure, the polynomial coeffi-
cients remain constant.

[0053] With reference now to FIG. 7, a block diagram
depicts at least a portion of an exemplary system 700 includ-
ing a half-delay fractional delay filtering implementation and
signal combining methodology for increasing reader offset
estimation accuracy, according to an embodiment of the
invention. The system 700 includes a correlator 702 coupled
with a fractional delay filter 704. The correlator 702 is
adapted to receive, at a first input, a first readback signal from
a first reader and, at a second input, a second readback signal
from a second reader. An output signal generated by the
correlator 702 is supplied to the fractional delay filter 704
which is operative to iteratively perform fractional delay fil-
tering n times, where n is an integer and T/2” represents a
resolution of the offset reader estimation result.

[0054] Inaccordance with one or more embodiments of the
invention, a phase for the fractional delay filter 704 is fixed at
0.5T, where T denotes the sampling period for the ADC
(ADCs 904 or 908 in FIG. 9). By way of example only and
without limitation, assume a first digital signal, v0, generated
as an output of the correlator 702 is passed through the frac-
tional delay filter 704 during a first iteration, a second signal,
v1, which is a delayed version of the first signal v0 is gener-
ated having a delay of 0.5T compared to signal v0. Combin-
ing signals v0 and v1 according to their respective sampling
times, a third signal, v2, is obtained having a resolution 0.5T.
Similarly, signal v2 is passed through the fractional delay
filter 704 during a second iteration, and a fourth signal, v3, is
generated having a delay 0.5-(0.5T). Combining signals v2
and v3, a fifth signal, v4, is obtained having a resolution
0.25T. Extending this process iteratively n times, a resolution
of'the resulting signal can be improved by 1/2”. A joint fusion
center 706 coupled with an output of the fractional delay filter
704 is operative to select a peak of the interpolated correlation
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result to thereby obtain an estimate of reader offset delay,
according to one or more embodiments of the invention. A
resolution of the estimation is T/2".

[0055] FIG. 8 is a block diagram depicting at least a portion
of'a magnetic disk drive storage system 800 in which one or
more embodiments of the invention are employed. The sys-
tem 800 includes a read/write channel 802 comprising a
TDMR read channel configured for use with multiple readers,
a preamplifier (preamp) 804 coupled with the read/write
channel, an interface controller 806 coupled with the read/
write channel, a hard disk controller 810 coupled with the
interface controller, a motor controller 812 coupled with the
hard disk controller, and a spindle motor 814 coupled with
and operative to rotate a disk platter 816 comprising a plural-
ity of tracks, or an alternative magnetic storage medium. A
voice coil motor (VCM) 818 attached to an actuator arm is
configured to maintain a position of at least one read/write
head 820 above a surface of the disk platter 816 as a function
of one or more control signals generated by the motor con-
troller 812. In a multi-reader configuration, the system 800
would include multiple read/write heads and corresponding
preamplifiers coupled therewith. Thus, read/write head 820 is
intended to collectively represent one or a plurality of read/
write heads; likewise, preamplifier 804 is intended to collec-
tively represent one or a plurality of preamplifiers coupled
with corresponding read/write heads.

[0056] The read/write channel 802 is the fundamental
mixed signal analog/digital module of the disk drive storage
system 800 and, although shown as a single block, is actually
comprised of two separate channels: a read channel and a
write channel. The read channel is operative to extract, from
the disk platter 816, a clock signal, equalize an input read
signal (i.e., read pulse), make a determination regarding a
digital state (e.g., logic “1” or “0”) of the input read signal,
and decode read data 822 as a function of the input read
signal. The write channel is operative to encode write data
824 for storage on the disk platter 816 in the form of magnetic
field orientations indicative of a logical state of the write data.
The read/write channel 802 is assisted by the preamplifier
804, which is configured to drive the write head portion of the
read/write head 820 during a write process and to amplify the
input signal obtained from the read head portion of the read/
write head during a read process.

[0057] The interface controller 806 is adapted to control a
data interface between the read/write channel 802 and a cen-
tral processing unit (CPU) or alternative controller, which
may include handling interrupts and data transfer protocols
common to magnetic drives or solid-state drives (SSDs). The
interface controller 806 may optionally include an auxiliary
buffer, which can be implemented, for example, using ran-
dom access memory (RAM), for caching and queuing data,
providing long data-bursts to improve speed and reduce bus
latency. The hard disk controller 810 calculates actuator tra-
jectories and controls the spindle motor 814 and VCM 818,
via the motor controller 812, to correctly position and main-
tain the read/write head 820 on a prescribed track of the disk
platter 816.

[0058] FIG.9isablock diagram depicting at least a portion
of an exemplary read channel 900 in which one or more
embodiments of the invention are employed that is suitable
for use in a TDMR system (e.g., in the read channel module
802 shown in FIG. 8), according to an embodiment of the
invention. The read channel 900, in this embodiment, is
adapted for use in a two-reader TDMR architecture, although
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embodiments of the invention are not limited to use with two
readers. The read channel 900 includes a first analog front end
(AFE) 902 and a first ADC 904 coupled with an output of the
first AFE. The first AFE 902 is operative to receive an input
signal obtained from a first reader (which in this embodiment
is a primary reader), either directly (in which case the first
AFE includes a preamplifier or other amplification circuitry)
or from a preamplifier (not explicitly shown, but implied)
coupled between the first reader and the first AFE, and to
generate a first analog read signal as an output thereof. The
first AFE 902 may, in one or more embodiments, include
signal processing circuitry (e.g., filters, etc.) for reducing
noise or otherwise improving a quality of the first analog read
signal. The first ADC 904 is operative to receive the first
analog read signal and to generate, as a function of the first
analog read signal, a first digital read signal. The first digital
read signal is a digital version of the first analog read signal,
sampled at prescribed discrete time intervals based on a sam-
pling period of the first ADC.

[0059] Likewise, the read channel 900 includes a second
AFE 906 and a second ADC 908 coupled with an output of the
second AFE. The second AFE 906 is operative to receive an
input signal obtained from a second reader (which in this
embodiment is a secondary reader), either directly (in which
case the second AFE includes a preamplifier or other ampli-
fication circuitry) or from a preamplifier (not explicitly
shown, but implied) coupled between the second reader and
the second AFE, and to generate a second analog read signal
as an output thereof. The second AFE 906 may, in one or more
embodiments, include signal processing circuitry (e.g., fil-
ters, etc.) for reducing noise or otherwise improving a quality
of the second analog read signal. The second ADC 908 is
operative to receive the second analog read signal and to
generate, as a function of the second analog read signal, a
second digital read signal. The second digital read signal is a
digital version of the second analog read signal, sampled at
prescribed discrete time intervals based on a sampling period
of the second ADC.

[0060] Each of the first and second digital read signals
generated by the first and second ADCs 904 and 908, respec-
tively, are supplied to a reader offset estimator module 910
operative to generate, as an output thereof, an enhanced
reader offset estimation signal having increased accuracy.
The reader offset estimator module 910, in one or more
embodiments of the invention, is implemented using frac-
tional delay filters and correlators. Illustrative implementa-
tions of reader offset estimator modules according to embodi-
ments of the invention were previously described in
conjunction with FIGS. 5 through 7. Each of the first and
second digital read signals generated by the first and second
ADCs 904 and 908, respectively, comprises an integer (i.e.,
discrete) component indicative of a value of the correspond-
ing digital read signal at an integer multiple of the sampling
period associated with the corresponding ADC. The frac-
tional delay filters included in the reader offset estimator
module 910 are adapted to determine, using interpolation or
alternative means, a fractional component indicative of a
value of the corresponding digital read signal at an arbitrary
point in time between integer multiples of the corresponding
sampling period (e.g., between adjacent discrete samples).
From the respective outputs of the correlators (e.g., 508, 510
and 512 in FIG. 5), the location and value of the peak value of
the correlator output is collected and used in refining the
reader offset estimation result. By adding the fractional com-
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ponent to the integer (i.e., discrete) component generated by
the ADCs 904 and 908, a total reader offset delay is deter-
mined.

[0061] The enhanced reader offset estimation signal gener-
ated by the reader offset estimator module 910 is supplied to
a delay compensation module 912 which is coupled in a
signal path of the second reader. Specifically, the delay com-
pensation module 912 is coupled with an output of the second
ADC 908 and is operative to receive the second digital read
signal. The delay compensation module 912, which may be
implemented, in one or more embodiments, using a program-
mable delay line or alternative means, is operative to generate
a delayed version of the second digital read signal. The
amount of delay added to the second digital read signal by the
delay compensation module 912 is controlled as a function of
the reader offset estimation signal generated by the reader
offset estimator module 910.

[0062] The read channel 900 further includes a joint equal-
izer module 914 adapted to receive the first digital read signal
generated by the first ADC 904 and the delayed version of the
second digital read signal generated by the delay compensa-
tion module 912, and is operative to generate an output signal
which is used to equalize input read signals (i.e., read pulses),
make a determination regarding a digital state (e.g., logic “1”
or “0”) of the target track, and decode the read data as a
function of the first and second input read signals. It is to be
appreciated that although a single delay compensation mod-
ule is shown coupled in the signal path of the second reader,
embodiments of the invention are not limited to this arrange-
ment. For example, in accordance with another embodiment,
a second delay compensation module can be coupled in a
signal path of the first reader for generating a delayed version
of'the first digital read signal. An amount of delay of the first
digital read signal being controlled as a function of the output
of the reader offset estimator module 910. In this manner,
embodiments of the invention are used by the TDMR system
for improving read performance.

[0063] As will be appreciated by those skilled in the art,
embodiments of the present invention may be implemented,
in whole or in part, as an apparatus, system, method or com-
puter program product. Accordingly, aspects of the present
invention may take the form of an entirely hardware embodi-
ment, an entirely software embodiment (including firmware,
resident software, micro-code, etc.) or an embodiment com-
bining software and hardware aspects that may all generally
be referred to as a “circuit,” “module” or “system.” Further-
more, embodiments of the present invention may take the
form of a computer program product embodied in one or more
non-transitory  machine-readable medium(s) having
machine-readable program code embodied thereon.

[0064] One or more embodiments of the invention, or ele-
ments thereof, can be implemented in the form of an appara-
tus including a memory and at least one processor coupled
with the memory and operative to perform exemplary method
steps.

[0065] Oneormore embodiments can make use of software
running on a general purpose computer or workstation. With
reference to FIG. 10, such an implementation might employ,
for example, a processor 1002, a memory 1004, and an input/
output interface formed, for example, by a display 1006 and a
keyboard 1008. The term “processor” as used herein is
intended to include any processing device, such as, for
example, one that includes a CPU and/or other forms of
processing circuitry. Further, the term “processor” may refer
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to more than one individual processor. The term “memory” is
intended to include memory associated with a processor or
CPU, such as, for example, RAM, ROM (read-only memory),
a fixed memory device (for example, hard drive), a removable
memory device (for example, diskette), a flash memory and
the like. In addition, the phrase “input/output interface” as
used herein, is intended to include, for example, one or more
mechanisms for inputting data to the processing unit (for
example, mouse), and one or more mechanisms for providing
results associated with the processing unit (for example,
printer). The processor 1002, memory 1004, and input/output
interface such as display 1006 and keyboard 1008 can be
interconnected, for example, via bus 1010 as part of a data
processing unit 1012. Suitable interconnections, for example
via bus 1010, can also be provided to a network interface
1014, such as a network card, which can be provided to
interface with a computer network, and to a media interface
1016, such as a diskette or CD-ROM drive, which can be
provided to interface with media 1018.

[0066] Accordingly, computer software including instruc-
tions or code for performing methodologies according to
embodiments of the invention, as described herein, may be
stored in one or more of the associated memory devices (for
example, ROM, fixed or removable memory) and, when
ready to be utilized, loaded in part or in whole (for example,
into RAM) and implemented by a CPU. Such software could
include, but is not limited to, firmware, resident software,
microcode, and the like.

[0067] A dataprocessing system suitable for storing and/or
executing program code will include at least one processor
1002 coupled directly or indirectly with memory elements
1004 through a system bus 1010. The memory elements can
include local memory employed during actual implementa-
tion of the program code, bulk storage, cache memories and
embedded memory which provide temporary storage of at
least a portion of program code in order to reduce the number
of times the code must be retrieved from bulk storage during
implementation.

[0068] Input/output or I/O devices (including but not lim-
ited to keyboards 1008, displays 1006, pointing devices, and
the like) can be coupled to the system either directly (such as
via bus 1010) or through intervening 1/O controllers (omitted
for clarity).

[0069] Network adapters such as network interface 1014
are also coupled with the system, in one or more embodi-
ments of the invention, to enable the data processing system
to become coupled with other data processing systems or
remote printers or storage devices through intervening private
or public networks. Modems, cable modem and Ethernet
cards are just a few of the currently available types of network
adapters.

[0070] As noted, embodiments of the present invention
may take the form of a computer program product embodied
in one or more non-transient machine- or computer-readable
medium(s) having computer-readable program code embod-
ied thereon. Any combination of one or more computer-read-
able medium(s) may be utilized. The computer readable
medium may be a computer readable signal medium or a
computer readable storage medium. A computer readable
storage medium may be, for example, but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device, or any suitable
combination of the foregoing. Media block 1018 is a non-
limiting example. More specific examples (a non-exhaustive
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list) of the computer-readable storage medium would include
the following: an electrical connection having one or more
wires, a portable computer diskette, a hard disk, RAM, ROM,
an erasable programmable read-only memory (EPROM or
flash memory), an optical fiber, a portable compact disc read-
only memory (CD-ROM), an optical storage device, a mag-
netic storage device, or any suitable combination of the fore-
going. In one or more embodiments, a computer-readable
storage medium is any tangible medium that can contain or
store a program for use by or in connection with an instruction
execution system, apparatus, or device.

[0071] Computer program code for carrying out operations
according to one or more embodiments of the invention are
written in any combination of one or more programming
languages, including an object-oriented programming lan-
guage such as Java, Smalltalk, C++, or the like, and conven-
tional procedural programming languages, such as the “C”
programming language or similar programming languages.
The program code may execute entirely on the user’s com-
puter, partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a remote
computer or entirely on the remote computer or server. In the
latter scenario, the remote computer may be connected to the
user’s computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or
the connection may be made to an external computer (for
example, through the Internet using an Internet Service Pro-
vider).

[0072] The computer program code, in one or more
embodiments, is loaded onto a computer, other program-
mable data processing apparatus, or other devices to cause a
series of operational steps to be performed on the computer,
other programmable apparatus or other devices to produce a
computer-implemented process such that the instructions
which execute on the computer or other programmable appa-
ratus provide processes for implementing functions/acts
specified in the flowchart and/or block diagram block or
blocks.

[0073] The block diagrams in the figures depict illustrative
architectures, functionality, and operation of implementa-
tions of systems, methods and computer program products
according to embodiments of the present invention. In this
regard, each block shown in the block diagrams may repre-
sent a module, segment, or portion of code, which comprises
one or more executable instructions for implementing speci-
fied functions. It should also be noted that, in one or more
embodiments, functions represented by the blocks may occur
out of the order noted in the figures. For example, two blocks
shown in succession may, in fact, be executed substantially
concurrently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It
will also be appreciated that each block of the block diagrams,
and combinations of blocks in the block diagrams, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts, or combinations
of special purpose hardware and computer instructions.
[0074] It should be understood that any of the methods
described herein can include an additional step of providing a
system comprising distinct software modules embodied on a
non-transient computer-readable storage medium; the mod-
ules include, in one or more embodiments, any or all of the
elements depicted in the block diagrams and/or described
herein; by way of example and not limitation, a fractional
delay filtering module and a correlation module. The method
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steps can then be carried out using the distinct software mod-
ules and/or sub-modules of the system, executing on one or
more hardware processors 1002. Further, a computer pro-
gram product can include a computer-readable storage
medium with code adapted to be implemented to carry out
one or more method steps described herein, including the
provision of the system with the distinct software modules.
[0075] In any case, it should be understood that the com-
ponents illustrated herein may be implemented in various
forms of hardware, software, or combinations thereof; for
example, application specific integrated circuit(s) (ASICS),
functional circuitry, one or more appropriately programmed
general purpose digital computers with associated memory,
and the like. Given the teachings of the invention provided
herein, one of ordinary skill in the related art will be able to
contemplate other implementations of the components of the
invention.

[0076] In an integrated circuit implementation of one or
more embodiments of the invention, multiple identical die are
typically fabricated in a repeated pattern on a surface of a
semiconductor wafer. Each such die may include a device
described herein, and may include other structures and/or
circuits. The individual dies are cut or diced from the wafer,
then packaged as integrated circuits. One skilled in the art
would know how to dice wafers and package die to produce
integrated circuits. Any of the exemplary circuits illustrated in
the accompanying figures, or portions thereof, may be part of
an integrated circuit. Integrated circuits so manufactured are
considered part of this invention.

[0077] The illustrations of embodiments of the invention
described herein are intended to provide a general under-
standing of the structure of various embodiments, and they
are not intended to serve as a complete description of all the
elements and features of apparatus and systems that might
make use of the structures described herein. Many other
embodiments will become apparent to those skilled in the art
given the teachings herein; other embodiments are utilized
and derived therefrom, such that structural and logical sub-
stitutions and changes can be made without departing from
the scope of this disclosure. The drawings are also merely
representational and are not drawn to scale. Accordingly, the
specification and drawings are to be regarded in an illustrative
rather than a restrictive sense.

[0078] Embodiments of'the invention are referred to herein,
individually and/or collectively, by the term “embodiment”
merely for convenience and without intending to limit the
scope of this application to any single embodiment or inven-
tive concept if more than one is, in fact, shown. Thus,
although specific embodiments have been illustrated and
described herein, it should be understood that an arrangement
achieving the same purpose can be substituted for the specific
embodiment(s) shown; that is, this disclosure is intended to
cover any and all adaptations or variations of various embodi-
ments. Combinations of the above embodiments, and other
embodiments not specifically described herein, will become
apparent to those of skill in the art given the teachings herein.
[0079] The abstract is provided to comply with 37 C.F.R.
§1.72(b), which requires an abstract that will allow the reader
to quickly ascertain the nature of the technical disclosure. It is
submitted with the understanding that it will not be used to
interpret or limit the scope or meaning of the claims. In
addition, in the foregoing Detailed Description, it can be seen
that various features are grouped together in a single embodi-
ment for the purpose of streamlining the disclosure. This
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method of disclosure is not to be interpreted as reflecting an
intention that the claimed embodiments require more features
than are expressly recited in each claim. Rather, as the
appended claims reflect, inventive subject matter lies in less
than all features of a single embodiment. Thus the following
claims are hereby incorporated into the Detailed Description,
with each claim standing on its own as separately claimed
subject matter.
[0080] Given the teachings of embodiments of the inven-
tion provided herein, one of ordinary skill in the art will be
able to contemplate other implementations and applications
of' the techniques of embodiments of the invention. Although
illustrative embodiments of the invention have been
described herein with reference to the accompanying draw-
ings, it is to be understood that embodiments of the invention
are not limited to those precise embodiments, and that various
other changes and modifications are made therein by one
skilled in the art without departing from the scope of the
appended claims.
What is claimed is:
1. A method for enhancing read performance in a multi-
reader two-dimensional magnetic recording system includ-
ing at least first and second readers, the method comprising:
receiving a first analog read signal from the first reader and
a second analog read signal from the second reader;

sampling the first and second analog read signals to gen-
erate first and second sampled signals, respectively, each
of the first and second sampled signals comprising at
least one of an integer component, indicative of a value
of a corresponding one of the first and second analog
read signals, respectively, at an integer multiple of a
corresponding sampling period associated therewith,
and a fractional component, indicative of a value of a
corresponding one of the first and second analog read
signals, respectively, at an arbitrary point in time
between integer multiples of the corresponding sam-
pling period; and

combining at least one of the integer and fractional com-

ponents of the respective first and second sampled sig-
nals to thereby generate a reader offset estimation signal
for enhancing read performance in the multi-reader two-
dimensional magnetic recording system.

2. The method of claim 1, wherein each of the first and
second sampled signals comprises the integer component and
the fractional component, and wherein the step of combining
comprises combining the integer and fractional components
of the respective first and second sampled signals to thereby
increase an accuracy of the reader offset estimation signal.

3. The method of claim 1, wherein the step of sampling
each of the first and second input signals comprises:

converting at least the first analog read signal to a first

digital signal having a first sampling period associated
therewith; and

interpolating the first digital signal to thereby generate the

fractional component indicative of the value of the first
analog read signal at an arbitrary point in time between
integer multiples of the first sampling period.

4. The method of claim 3, wherein the step of interpolating
the first digital signal is performed in parallel for a plurality of
phase values to which the first analog read signal is to be
interpolated.

5. The method of claim 3, wherein the step of interpolating
the first digital signal comprises providing a plurality of inter-
polation filters, each of the interpolation filters receiving, at a
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first input, a corresponding value of a phase to which the first
analog read signal is to be interpolated, and receiving, at a
second input, a readback signal from the first reader.

6. The method of claim 5, wherein the step of combining
comprises providing a plurality of correlators, each of the
plurality of correlators being coupled with a corresponding
one of the plurality of interpolation filters, each of the plural-
ity of correlators receiving, at a first input, an interpolation
signal generated by the corresponding one of the interpola-
tion filters, and receiving, at a second input, a readback signal
from the second reader.

7. The method of claim 3, wherein the step of interpolating
the first digital signal is performed sequentially for a plurality
of phase values to which the first analog read signal is to be
interpolated to thereby generate a plurality of corresponding
fractional components, each of the fractional components
being generated during a given interpolation period as a func-
tion of a corresponding one of the phase values used during
the given interpolation period.

8. The method of claim 7, further comprising storing at
least a subset of the plurality of fractional components gen-
erated by the interpolating step.

9. The method of claim 3, wherein the step of interpolating
the first digital signal comprises providing an interpolation
filter, the interpolation filter receiving, at a first input, sequen-
tial phase inputs, and receiving, at a second input, a readback
signal from the first reader, the interpolation filter being
operative to generate a plurality of interpolation signals, each
of the interpolation signals being generated during a given
interpolation period as a function of a corresponding one of
the phase inputs used during the given interpolation period.

10. The method of claim 1, wherein the steps of sampling
and combining comprise:

correlating a first readback signal from the first reader and

a second readback signal from the second reader and
generating a correlated signal as a function of the first
and second readback signals; and

iteratively performing fractional delay filtering on the cor-

related signal, a number of iterations of the fractional
delaying filtering corresponding to a number of phase
values used in the fractional delay filtering.

11. The method of claim 1, further comprising delaying the
second sampled signal, an amount of delay being controlled
as a function of the reader offset estimation signal.

12. The method of claim 1, wherein the step of combining
comprises selecting a signal path having a largest correlation
peak value among a plurality of phase values to which the first
analog read signal is to be interpolated.

13. A reader offset estimation apparatus for enhancing read
performance in a multi-reader two-dimensional magnetic
recording system including at least first and second readers,
the reader offset estimation apparatus comprising:

atleast one interpolation filter, the at least one interpolation

filter receiving a first digital signal indicative of a first
analog read signal from the first reader and a second
digital signal indicative of a second analog read signal
from the second reader, each of the first and second
digital signals being indicative of a value of the first and
second analog read signals, respectively, at an integer
multiple of a corresponding sampling period associated
therewith, the at least one interpolation filter being
operative to generate first and second interpolated sig-
nals, each of the first and second interpolated signals
being indicative of a value of the first and second digital
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signals, respectively, at an arbitrary point in time
between integer multiples of the corresponding sam-
pling period; and

at least one correlator coupled with the at least one inter-

polation filter, the at least one correlator being operative
to combine at least one of the first and second interpo-
lated signals and the first and second digital signals to
thereby generate a reader offset estimation signal for
enhancing read performance in the multi-reader two-
dimensional magnetic recording system.

14. The apparatus of claim 13, wherein the at least one
interpolation filter comprises a fractional delay filter.

15. The apparatus of claim 14, wherein the fractional delay
filter is operative to sequentially interpolate the first analog
read signal for a plurality of phase values to which the first
analog signal is to be interpolated to thereby generate a plu-
rality of corresponding fractional components, each of the
fractional components being generated during a given inter-
polation period as a function of a corresponding one of the
phase values used during the given interpolation period.

16. The apparatus of claim 15, further comprising a buffer
operative to store at least a subset of the plurality of fractional
components generated by the fractional delay filter.

17. The apparatus of claim 13, wherein the at least one
interpolation filter comprises a plurality of interpolation fil-
ters, each of the interpolation filters receiving, at a first input,
a corresponding value of'a phase to which the first analog read
signal is to be interpolated, and receiving, at a second input, a
readback signal from the first reader.

18. The apparatus of claim 17, wherein the at least one
correlator comprises a plurality of correlators, each of the
plurality of correlators being coupled with a corresponding
one of the plurality of interpolation filters, each of the plural-
ity of correlators receiving, at a first input, an interpolation
signal generated by the corresponding one of the interpola-
tion filters, and receiving, at a second input, a readback signal
from the second reader.

19. The apparatus of claim 13, wherein the at least one
correlation filter is operative to correlate a first readback
signal from the first reader and a second readback signal from
the second reader and to generate a correlated signal as a
function of the first and second readback signals, and wherein
the at least one correlator is operative to iteratively perform
fractional delay filtering on the correlated signal, a number of
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iterations of the fractional delaying filtering corresponding to
anumber of phase values used in the fractional delay filtering.

20. The apparatus of claim 13, further comprising first and
second analog-to-digital converters, the first analog-to-digital
converter being operative to receive the first analog read
signal and to generate the first digital signal, the second
analog-to-digital converter being operative to receive the sec-
ond analog read signal and to generate the second digital
signal.

21. The apparatus of claim 13, further comprising a delay
compensation module coupled in a signal path of the second
reader, the delay compensation module being operative to
receive the second digital signal and to generate a delayed
version of the second digital signal, an amount of delay added
to the second digital signal by the delay compensation mod-
ule being controlled as a function of the reader offset estima-
tion signal.

22. A multi-reader two-dimensional magnetic recording
system, comprising:

at least first and second readers;

atleast one interpolation filter, the at least one interpolation

filter receiving a first digital signal indicative of a first
analog read signal from the first reader and a second
digital signal indicative of a second analog read signal
from the second reader, each of the first and second
digital signals being indicative of a value of the first and
second analog read signals, respectively, at an integer
multiple of a corresponding sampling period associated
therewith, the at least one interpolation filter being
operative to generate first and second interpolated sig-
nals, each of the first and second interpolated signals
being indicative of a value of the first and second digital
signals, respectively, at an arbitrary point in time
between integer multiples of the corresponding sam-
pling period; and

at least one correlator coupled with the at least one inter-

polation filter, the at least one correlator being operative
to combine at least one of the first and second interpo-
lated signals and the first and second digital signals to
thereby generate a reader offset estimation signal for
enhancing read performance in the multi-reader two-
dimensional magnetic recording system.
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